Abstract Apoptosis is a morphologically distinct form of programmed cell death essential for normal development and tissue homeostasis. Aberrant regulation of this pathway is linked to multiple human diseases, including cancer, autoimmunity, neurodegenerative disorders, and diabetes. The BCL-2 family of proteins constitutes a critical control point in apoptosis residing immediately upstream of irreversible cellular damage, where family members control the release of apoptogenic factors from mitochondria.The cardinal member of this family, BCL-2, was originally discovered as the defining oncogene in follicular lymphomas, located at one reciprocal breakpoint of the t(14;18) (q32;q21) chromosomal translocation. Since this original discovery, remarkable efforts marshaled by many investigators around the world have advanced our knowledge of the basic biology, molecular mechanisms, and therapeutic targets in the apoptotic pathway. This review highlights findings from many laboratories that have helped uncover some of the critical control points in apoptosis. The emerging picture is that of an intricate cellular machinery orchestrated by tightly regulated molecular interactions and conformational changes within BCL-2 family proteins that ultimately govern the cellular commitment to apoptotic death.
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Apoptosis is a conserved genetic and biochemical pathway whose basic tenets are present in all metazoans (1, 2) . In mammals, the execution of this pathway is governed by two molecular programs which ultimately lead to the activation of select members of the caspase (cysteinyl aspartate -specific protease) family. Subsequently, cleavage of key cellular substrates ensues, leading to cell demise. The two molecular programs are known as the extrinsic pathway operating downstream of death receptors, such as Fas and the tumor necrosis factor receptor family, and the intrinsic pathway, which is activated by a diverse array of stress signals. The identification of cytochrome c as an apoptogenic factor released from mitochondria marked a pivotal breakthrough in uncovering the importance of this organelle in the intrinsic pathway of apoptosis (3) . The ''point of no return'' in this pathway is defined by mitochondrial outer membrane permeabilization (MOMP), which leads to the release of cytochrome c (4). BCL-2 family proteins regulate MOMP and thereby determine the cellular commitment to apoptosis. This review is limited in scope to the intrinsic pathway and its regulation by BCL-2 family of proteins. In particular, recent advances in understanding the interplay between distinct members of the BCL-2 family and the molecular mechanisms underlying their regulation of MOMP are described. Broader overview of the BCL-2 family can be found in reviews published elsewhere (1, 2) . Likewise, the role of the intrinsic pathway and apoptosis in the larger context of mechanisms of cell death are the subject of another review in this issue of CCR Focus (5).
Execution of the Apoptotic Program
Caspases are present as inactive zymogens that are activated during apoptosis (6) . Of note, not all caspase family members participate in apoptosis. For example, caspase-1 and caspase-11 are predominantly involved in the processing of proinflammatory cytokines (interleukins 1 and 18). Comprehensive descriptions of caspases and their diverse cellular functions have been covered in other recent reviews (7 -10) . The following section briefly highlights the mechanisms underlying caspase activation during apoptosis.
Depending on their mode of activation, caspases are categorized as either initiator or effector caspases (11) . Initiators such as caspase-8 and caspase-9 are apical caspases that are activated on binding to specialized molecular platforms that are assembled through selective protein-protein interactions. Activated initiator caspases can then cleave and activate effector caspases, such as caspase-3 and caspase-7, through trans-proteolytic processing (12) . The molecular platforms in charge of initiator caspase activation are formed through interactions involving distinct protein folds or binding cassettes, of which three have been structurally characterized: death domains, death effector domains, and caspase recruitment domains (13) . For example, the extrinsic pathway, which operates downstream of death receptors, such as Fas and the tumor necrosis factor receptor family, leads to the recruitment of a death-inducing signaling complex (DISC) on ligand binding (ref. 14; Fig. 1A ). This complex, in turn, recruits and activates caspase-8. In the intrinsic pathway, the molecular platform in charge of caspase activation is the apoptosome, a wheel-like heptameric structure (ref. 15 ; Fig. 1B) . Apoptosome is composed of apoptotic protease -activating factor-1 (APAF-1), caspase-9, and cytochrome c, a component of the mitochondrial electron transport chain that is released during apoptosis (3). Several models for activation of initiator caspase-8 and caspase-9 have been proposed (12, 16, 17) . According to the inducedproximity model, initiator caspases dimerize as their local concentration is increased during the assembly of DISC or apoptosome (18 -20) .
The BCL-2 Family of Cell Death Regulators
The BCL-2 family consists of both antiapoptotic and proapoptotic proteins, which share sequence homology within conserved regions known as BCL-2 homology (BH) domains (Fig. 2) . BH domains correspond to a helical segments that dictate structure and function. All antiapoptotic members, such as BCL-2 and BCL-X L , and a subset of proapoptotic family members, such as BAX and BAK, are multidomain proteins sharing sequence homology within three to four BH domains. The BH3-only subset of proapoptotic molecules, including BAD, BID, BIM, NOXA, BIK, HRK, and PUMA, show sequence homology only within a single a helical segment, the BH3 domain, which is also known as the minimal death domain required for binding to multidomain BCL-2 family members (21) . The ability of BCL-2 proteins to selectively bind each other is integral to their function. The BH1, BH2, and BH3 domains of the antiapoptotic proteins form a hydrophobic groove that binds to the hydrophobic face of the amphipathic a-helical BH3 domain from a proapoptotic binding partner (22 -27) . The hydrophobic cleft formed by BH1-3 may be further stabilized by the BH4 domain (28) . The unstructured loop between the BH3 and BH4 domains in BCL-2 and BCL-X L is subject to phosphorylation, leading to inactivation of their survival function (29 -31) . Other posttranslational regulation mechanisms converging on this domain include caspasemediated proteolytic cleavage, which leads to the removal of BH4, rendering these proteins proapoptotic (32, 33) . In MCL-1, several amino acids between BH3 and BH4 domains are subject to posttranslational modification by ubiquitinylation (34) , some of which are in close proximity of a GSK-3 phosphorylation site (35) . Both of these posttranslational modifications have been shown to regulate the stability of the MCL-1 protein (34, 35) . Mutational studies indicate that the BH4 domain is required for the function of antiapoptotic BCL-2 proteins (36 -38) . In addition, the BH4 domain may link BCL-2 to other signaling pathways through its interaction with multiple different proteins, including the phosphatase calcineurin (39), the Raf-1 kinase (40) and the mitochondrial chaperone FKB38 (41) . A role for the BH4 domain in regulating nuclear factor-nB has also been reported (42, 43) . In addition to BH domains, several BCL-2 family members possess a transmembrane domain and can localize to the subcellular membranes, including the mitochondrial outer membrane, endoplasmic reticulum (ER) and nuclear membranes (Fig. 2) . Fig. 1 . Multiprotein complexes that constitute the platforms for caspase activation in the extrinsic (A) and intrinsic (B) pathways of apoptosis. A, the DISC is assembled on engagement of death receptors, such as Fas and tumor necrosis factor receptor family. Protein interaction domains (blocks, death domains; ovals, death effector domains) mediate the associations between death receptor, caspase-8, and adaptor protein FADD. B, the three-dimensional structure of the apoptosome resembles a seven-spoked disc (15) , with procaspase-9 molecules bound at the hub extending above one surface, and APAF-1adaptors aligned as spokes, presenting caspase recruitment domain (CARD ; mint green), which interact with the caspase recruitment domain of procaspase-9 (dark blue) at the hub. At the rim of the spokes, the WD40 domains of APAF-1 (blue) bind cytochrome c (red), adopting a propeller-like protein conformation. Bottom, detailed composition of the WD40 propellers. Binding of initiator caspase-8 (A) and caspase-9 (B) to the DISC and apoptosome, respectively, results in their activation.
The original characterization and subsequent study of the distinct BCL-2 family members provided an early indication that their function is linked to cancer. The founding member of this family, BCL2, was discovered as the defining oncogene in follicular lymphomas (44 -46) . Cells transduced with BCL2 remained viable for extended periods in the absence of growth factors (47) . Transgenic mice bearing a BCL-2-Ig minigene recapitulating the t(14:18) chromosomal translocation displayed B-cell follicular hyperplasia and over time progressed to diffuse large B-cell lymphoma (48) . BCL-2 expression specifically blocked the morphologic features of apoptosis, including the plasma membrane blebbing, nuclear condensation, and DNA cleavage. Subsequent studies showed that BCL-2 expression was also required for tumor maintenance (49) . Importantly, with the discovery of BCL-2, there emerged a new category of oncogenes, regulators of cell death, which unlike other oncogenes known at that time, did not promote proliferation but rather actively blocked apoptosis (1) .
Alterations in the expression of other BCL-2 proteins have also been reported in cancer. Mutations in BAX coding region are found in f50% of colorectal and gastric cancers (50) . Furthermore, somatic missense mutations in the BAD and BIK genes have been identified in colon cancers and peripheral B cell lymphomas, respectively (51, 52) . Loss of heterozygosity for BIM in mantle cell lymphoma (53) and HRK in glioblastoma (54) are but a few examples suggesting that certain proapoptotic members of the BCL-2 family may function as tumor suppressors. Unexpected findings have also suggested that beyond regulating apoptosis, select BCL-2 proteins may have alternate functions in other homeostatic pathways, including glucose metabolism (55) , cell cycle checkpoint downstream of DNA damage (56, 57) , and regulation of mitochondrial morphology (58) .
A combination of genetic approaches, biochemical experiments, and pharmacologic studies has begun to unravel the molecular mechanisms underlying the function of BCL-2 family proteins. The BH3-only proapoptotic proteins are sentinels that sense apoptotic signals and communicate with the multidomain antiapoptotic and proapoptotic molecules to shift the balance of proapoptotic and antiapoptotic proteins towards death (Fig. 3) .
BAX and BAK: gateway to the mitochondrial pathway of apoptosis. Cells that are doubly deficient in the two multidomain proapoptotic BAX and BAK fail to release cytochrome c and are resistant to all apoptotic stimuli that activate the intrinsic pathway, implicating these molecules as the requisite gateway to the mitochondrial apoptotic machinery (59, 60) .
Activation of BAX and BAK during apoptosis involves multiple conformational changes that are accompanied by their mitochondrial intramembranous homo-oligomerization. The mechanisms leading to this conformational change, however, are distinct for each of these proteins. BAX is a soluble monomeric protein in the cytosol or is peripherally attached to mitochondrial membrane that inserts into the mitochondrial outer membrane (MOM) on receipt of a death stimulus (61, 62) , whereas BAK is a mitochondria-resident protein.
The three-dimensional structure of inactive BAX has shown that its COOH-terminal tail, which is required for its insertion into the MOM, is folded back into the BAX hydrophobic cleft formed by the BH1, BH2, and BH3 domains (63) . Soon after induction of apoptosis, cytosolic BAX undergoes a conformational change that releases the COOH-terminal tail allowing BAX docking to mitochondria and exposing an NH 2 -terminal epitope. Additional mutagenesis and structural characterization proposed that BAX monomers insert multiple helices (a5 and (64) . Membrane-integrated monomers subsequently oligomerize to form pores in a manner that is dependent on the exposed NH 2 -terminal epitope (64) . Multiple conformer-specific binding partners of BAX have been identified and proposed to regulate BAX translocation, insertion, or oligomerization (65) . Among these, roles for both antiapoptotic BCL-2 proteins and BH3-only proapoptotic molecules have been proposed (discussed later). A growing body of evidence also shows that, in addition to protein-protein interactions, protein-lipid interactions influence BAX conformation and its ability to permeabilize the MOM. Notably, permeabilization of synthetic liposomes by BAX requires cardiolipin, a phospholipid enriched at the contact sites, where mitochondrial outer and inner membranes meet (66) .
Unlike BAX, BAK monomers are integrated into the MOM before the induction of apoptosis. The intramembranous oligomerization of these monomers is inhibited by voltagedependent anion channel 2, a MOM protein that binds BAK and stabilizes its monomeric conformation (67) . Select BH3-only proteins can bind and displace voltage-dependent anion channel 2 from BAK to allow the conformational changes necessary for BAK activation (68) . An alternative model has proposed that oligomerization and activation of BAK is specifically inhibited in healthy cells by its interaction with two select members of the prosurvival proteins, i.e., MCL-1 and BCL-X L (69) . These distinct mechanisms impinging on BAK activation may not be mutually exclusive; rather, they may serve to inhibit distinct stages of BAK conformational change and oligomerization.
Mitochondrial intramembranous homo-oligomerization of BAX and BAK is a prime candidate mechanism of MOMP and release of cytochrome c (4). Several studies suggest that membrane-activated conformers of BAX or BAK can subsequently activate other latent BAX or BAK molecules through an autoactivation mechanism, serving to amplify the signal leading to MOMP (70, 71) . The intramembranous oligomerization of multidomain BCL-2 proteins is consistent with their structural similarities to model pore-forming proteins such as the diphtheria toxin T domain and bacterial colchicines (24) . Indeed, structural and biophysical studies using synthetic lipid bilayers and vesicles support the intrinsic pore-forming capacity for several BCL-2 family proteins, including BAX, BCL-2, and BCL-X L (72 -75) . Whether these higher order structures possess channel activity in vivo awaits further experimentation. Recent findings suggest that only the BAXactivated membrane conformers could form larger oligomers consistent with channels of sufficient diameter to allow the efflux of cytochrome c (76, 77). Antiapoptotic BCL-2 and BCL-X L block channel formation by BAX (72, 76, 77) . It is currently unclear whether cytochrome c release occurs through a distinct BAX/BAK pore, a hybrid pore with other mitochondria-resident proteins, or some other global mechanism of membrane permeabilization. Alternative mechanisms for pore formation by BAX may also exist. For example, BAX has been reported to decrease the stability of planar lipid bilayers by decreasing linear tension within the membrane, resulting in hydrophilic pores within the lipid membrane itself (78) .
In addition to their role at the mitochondria, BCL-2 family proteins affect Ca 2+ dynamics at the ER, which in turn, could influence the threshold for apoptosis (79, 80 mobilizing death stimuli, including C2-ceramide, arachidonic acid, and oxidative stress specifically require the function of BAX and BAK at the ER (84). BH3-only proapoptotic proteins: apoptotic sentinels upstream of BAX and BAK. BH3-only molecules, including BAD, BID, BIM, NOXA, and PUMA are upstream sentinels that selectively respond to proximal death and survival signals, and require BAX/BAK to induce death ( Fig. 3; refs. 60, 86 ). Genetic loss-offunction models together with biochemical studies point to an emerging paradigm for BH3-only proteins, which consists of latent lethality requiring the transcription or posttranslational modifications for activation in a tissue-restricted and signalspecific manner. For example, cytosolic BID is activated on cleavage by caspase-8 (tBID; refs. 87, 88). On the other hand, BAD's proapoptotic activity is regulated through phosphorylation (89, 90) . Other BH3 proteins interact with distinct extramitochondrial targets. For example, BIM is localized to the microtubule dynein motor complex by binding to the dynein light chain 1, and BMF associates with dynein light chain 2 in the myosin V actin motor complex (91) . Lastly, the activation of NOXA and PUMA is under direct transcriptional regulation by p53, a finding that is consistent with their roles as specialized death sentinels during DNA damage (92 -94) . Thus, the large number of BH3-only members is indicative of specialization, rather than redundancy. The unique localizations, protein associations, and mechanisms of activation for these individual BH3-only proteins suggest that each acts as a sentinel for distinct damage signals, thereby increasing the range of input for stress signals, including DNA damage, growth factor and glucose withdrawal, unfolded proteins and hypoxia.
Proapoptotic activity of BH3-only proteins is associated with exposure of the hydrophobic face of their BH3 helix, enabling it to interact with the hydrophobic groove of multidomain dimerization partners. Extensive binding studies using peptides derived from the BH3 domain of BH3-only molecules have assessed the affinities and selectivity of their interactions with multidomain BCL-2 proteins (95 -97). These studies have given rise to two current models of how upstream BH3-only molecules trigger the activation of BAX and BAK to induce MOMP (Fig. 4) . Experimental evidence for both models has been presented using mutational analysis, loss-of-function models, and in vitro studies with isolated mitochondria.
Indirect activation model. The indirect activation model surmises that the principal function of antiapoptotic BCL-2, BCL-X L and MCL-1 is to inhibit BAX and BAK ( ref. 1; Fig. 4 ). These inhibitory interactions between antiapoptotic and proapoptotic multidomain molecules seem to be selective. For example, in certain cell types, MCL-1 and BCL-X L , but not BCL-2 directly bind and inhibit BAK (69) . BH3-only proteins initiate apoptosis primarily by binding these prosurvival molecules and thereby neutralizing their inhibitory effect on BAX and BAK ( Fig. 4; refs. 69, 95, 98, 99 ). BAX and BAK are then displaced from antiapoptotic molecules to undergo conformational changes required for their activation. Consistent with a displacement reaction, biochemical studies have shown that on NOXA overexpression, the BAK-MCL-1 protein complexes diminish whereas binding of MCL-1 and NOXA increases (69) . This model places the BH3-only proteins upstream of antiapoptotic molecules, which are in turn upstream of BAX and BAK. Two categories of BH3 domains exist. One class includes BID, BIM, and PUMA which bind all antiapoptotic molecules and are more potent in activating apoptosis (95) . The other category includes NOXA and BAD, which engage only a select group of antiapoptotic proteins and their combined activation is required to kill cells in which MCL-1 and BCL-X L are the relevant antiapoptotic molecules (95) . Accordingly, a NOXA mutant designed to bind BCL-X L in addition to MCL-1 was sufficient to induce apoptosis in the absence of BAD (69) . In this model, commitment to apoptosis is ensured when all antiapoptotic BCL-2 proteins are neutralized by BH3-only molecules (95, 99) . As such, NOXA and BAD together proved sufficient to kill cells with the combined inactivation of BIM and BID (99) .
Direct activation model. The direct activation model proposes that the two categories of BH3 domain are activator BH3-only proteins, which bind both antiapoptotic and proapoptotic multidomain partners and sensitizer (97) , also referred to as derepressor (96) or inactivator (68) BH3-only proteins, which show high affinity binding solely to antiapoptotic partners such as BCL-2/BCL-X L /MCL-1. Activators like BID and BIM can directly bind and induce the oligomerization of BAX/BAK leading to MOMP (refs. 68, 96, 97, 100; Fig. 4 ). Of note, two reports have proposed that PUMA is also an activator BH3-only molecule analogous to BID and BIM (68, 101) . Furthermore, the possibility that additional activator proteins may exist has been put forward (102) . According to the direct activation model, the primary function of antiapoptotic BCL-2 family proteins is to sequester BH3-only molecules (86) . The balance is shifted towards apoptosis when cellular levels of activator molecules exceed the neutralizing capacity of antiapoptotic members. Sensitizer BH3-only proteins lower the threshold of apoptosis by occupying the binding pocket of antiapoptotic molecules, and allowing activator BH3-only proteins to engage BAX/BAK to induce MOMP, thus shifting the rheostatic balance of multidomain antiapoptotic BCL-2/BCL-X L /MCL-1 and proapoptotic BAX/BAK towards apoptosis.
Evidence in support of the direct association of BAX and BAK with full-length activator BH3-only proteins (68, 101) or peptides derived from their BH3 domain has recently been presented (97, 100, 101) . This association is likely transient, however, in that once induced to oligomerize, BAX and BAK no longer remain in association with activator molecules (76) . This observation is consistent with a hit-and-run scenario (103) , in which few molecules of activator proteins are sufficient to catalyze the initial activation of BAX and BAK.
Detailed mutagenesis studies that used differential binding mutants of BH3-only proteins defective in binding either the antiapoptotic or proapoptotic multidomain partners (68, 104, 105) or mutants of multidomain BCL-2 proteins with differential binding capacity to BH3-only molecules (68) have provided further support for the direct activation model. For example, a BID BH3 mutant (M97A, D98A; ref. 21) , incapable of binding antiapoptotic molecules, activated BAX to release cytochrome c and induce apoptosis (68, 104, 105) , suggesting that the primary mechanism by which BH3-only molecules induce apoptosis does not require their association with BCL-2, MCL-1, or BCL-X L . Consistent with these findings, neutralization of all antiapoptotic members by NOXA and BAD was insufficient to kill cells in which none of the proposed activator BH3-only proteins (BIM, BID, and PUMA) was available to directly activate BAX and BAK (68) .
The indirect and direct activation models may not be mutually exclusive despite the seemingly contradictory nature of the data endorsing one versus the other. Points of convergence between the two may exist. For example, the indirect activation model suggests that the BAX or BAK molecules exist as two conformers within cells; primed with their BH3 domain exposed and unprimed with their BH3 domain hidden (1) . The prosurvival BCL-2, BCL-X L , and MCL-1 bind the primed conformer, as the BH3 domain of BAX and BAK is required for this interaction (69) . The priming signal in charge of the shift between these two conformers, however, has not been defined. One possible mechanism for this priming event is the activator BH3-only molecules, as put forward by the direct activation model.
Recent independent studies assessed the conformational changes and binding interactions that occur between the multidomain antiapoptotic and proapoptotic molecules within the mitochondrial membrane and presented evidence in support of a different model for BAX and BAK permeabilization of the MOM (76, 77) . This model termed ''embedded together'' incorporates some aspects of both the indirect and direct activation models and emphasizes that interactions among different BCL-2 proteins involve both cytosolic and membrane conformers of select family members, each of which is subjected to distinct regulatory mechanisms, including binding affinities, on/off rates, and association with membrane lipids and/or other binding proteins (106) . The ultimate effect of these interactions is to govern the intramembranous oligomerization of BAX/BAK. According to this model, BH3-only proteins bind and activate both antiapoptotic and proapoptotic multidomain molecules. This activation entails conformational changes that result in the insertion of multiple membrane spanning helices. For example, on activation by tBID, both BCL-2 and BAX undergo conformational changes that lead to the insertion of their helices 5 and 6 into the MOM (64, 76) . These activated, membrane-inserted conformers of BCL-2 are themselves defective in oligomerization but can irreversibly bind membraneembedded BAX and prevent its subsequent oligomerization (76) . On tonic activation of BH3-only molecules, the number of inserted BAX conformers capable of oligomerization may exceed those that are inhibited by BCL-2. This release from inhibition, in addition to the ability of activated BAX to autoactivate other latent BAX molecules, triggers the activation of a sufficient number of BAX molecules to induce MOMP. The mechanistic details of these interactions are primarily defined for tBID, BCL-2, and BAX (71, 76) . Whether BAK, MCL-1, and BCL-X L are regulated through analogous mechanisms is not fully known. Although this model awaits the assessment of binding affinities of membrane-associated conformers of BCL-2 family proteins, it integrates elements from both direct and indirect activation models described above. Before insertion of their helices 5 and 6, antiapoptotic proteins can bind and sequester BH3-only proteins, whereas after membrane insertion and conformational change, they exert their inhibitory effects on BAX/BAK, as suggested by the indirect activation model. The membrane conformers of BAX and BAK that are inhibited by activated antiapoptotic molecules are initially generated by direct binding to select BH3-only proteins consistent with the direct activation model. cancer cells is associated with resistance to chemotherapy. In this section, we briefly highlight some of the strategies pursued to inhibit the antiapoptotic BCL-2 family proteins in cancer. In keeping with the scope of this review, we limit our discussion to BH3 mimetic compounds. For a more in-depth review of the drug discovery strategies and therapeutic targets in apoptosis, the reader is referred to accompanying articles by Verdine and Walensky, and Nathan and Benz in this issue of CCR Focus (108, 109) and to other recent comprehensive reviews elsewhere (110, 111) . Additionally, an accompanying article by Rixe and Fojo provides a critical overview of therapies that induce cell death in comparison to those that block the proliferation of cancer cells (112) .
The findings summarized in the previous sections suggest that compounds capable of occupying the hydrophobic pocket of antiapoptotic BCL-2 molecules may mimic the function of BH3-only molecules to lower the threshold for apoptosis. Indeed, several BH3 mimetic compounds have been reported to block the function of antiapoptotic molecules. ABT-737 is a BAD BH3 mimetic that binds and inhibits BCL-2, BCL-X L , and BCL-w to induce apoptosis in malignant cells but not normal counterparts (113) . This compound has shown promising single-agent efficacy in several types of cancer lines and tumor models, including small cell lung carcinoma, lymphoma and leukemia (113) . Studies have indicated that resistance to ABT-737 can be associated with overexpression of MCL-1, an antiapoptotic BCL-2 family member that this BH3 mimetic does not target (114 -116) . Recently, a small molecule pleiotropic BH3 mimetic, TW-37, was designed with high affinity to MCL-1 in addition to BCL-2 and BCL-X L (117) . TW-37 has been shown to work synergistically with mitogen-activated protein kinase inhibitors to selectively kill melanoma cells through a mechanism involving reactive oxygen speciesmediated regulation of p53 (118) . In addition, preclinical studies suggest that the combination of TW-37 and CHOP (cyclophosphamide-doxorubicin-vincristine-prednisone) may be promising in the treatment of diffuse large B cell lymphoma (119) . Another BH3-mimetic compound, Gossypol has shown efficacy in chronic lymphocytic leukemia (120) . GX15-070 is a small molecule that binds to Bcl-2, Bcl-w, Bcl-X L , and Mcl-1, and is cytotoxic in chronic lymphocytic leukemia, mantle cell lymphoma, breast and non -small cell lung cancer cells (121 -125) . Other BH3 mimetic compounds include BH3-derived peptides that contain an all-hydrocarbon chain crosslink engineered using an olefin metathesis chemical synthesis strategy (126) . These stabilized alpha-helices of BCL-2 domains or SAHB compounds are cell permeable, protease resistance and show selective high-affinity binding to multidomain BCL-2 family members. The prototype compound in this category, BID SAHB, was shown to kill leukemia cells both in vitro and in vivo (126) . BID and BIM SAHB compounds directly bind and activate BAX to release cytochrome c (100).
Other approaches to inhibit the antiapoptotic BCL-2 family members in cancer include antisense strategies. Genasense or oblimersen (127) is an antisense oligonucleotide against BCL-2, which is currently in clinical trials. Molecules that specifically inhibit the production of both BCL-2 and BCL-X L are also being considered (128) .
Future Directions
Despite the remarkable progress made in uncovering the molecular underpinnings of apoptotic cell death, many unanswered questions remain. Understanding how the membrane-bound conformers of BCL-2 proteins function will allow the identification of additional control points in the apoptotic pathway. Similarly, the structural and molecular details of the interactions between different family members is far from complete, especially given the differential affinities and selectivity of these associations. Furthermore, although within each subfamily of BCL-2 proteins, general functional similarities exist, important differences in subcellular localization among various members and their selective preferred binding partners argue that additional regulatory mechanisms are yet to be discovered. Lastly, much remains to be learned about the cross-talk between apoptosis and other cellular physiologic pathways and alternate roles for different BCL-2 proteins beyond apoptosis are just beginning to be examined.
As the basic biology of apoptosis is being unraveled, rational targets for the development of a new generation of therapies are being identified. The discovery of BCL-2 in follicular lymphoma, followed by the characterization of other family members, their mode of action and generation of mimetic compounds that can disrupt their interactions constitute a success story that attests to the power and benefits of basic research in understanding and targeting cancer.
